Introduction
In recent years, an international comparability of chemical measurement has been required to support fair international trade, for the protection of the environment, and for human health and safety. High repeatability and reproducibility are not sufficient conditions in these fields; accuracy (VIM 1 definition of accuracy of measurement: closeness of the agreement between the result of a measurement and a true value of the measured) or reliability is more important. A reliable method implies a method that gives an SI (International System of Units) traceable result. 2 Here, we propose the fundamental parameter method combined with the fluorescence spectra acquired using monochromatic X-rays, as a new reliable method. There are two reasons why we employ monochromatic X-rays for excitation. First is that the spectral distribution problem can be avoided, and therefore the measurement equation becomes simplified. Second is that estimating the uncertainty becomes much easier. Some X-ray fluorescence (XRF) spectrometry studies using monochromatic X-rays were carried out, and improvements of detection limit and reproducibility were reported; [3] [4] [5] however, the degree of reliability (uncertainty) of the results were not evaluated following modern internationally accepted guidelines. We applied this method to the principal component analysis, that is, the determination of a FeCr alloy Certified Reference Material (CRM). 6 The analytical result was in good agreement with the certified value within the uncertainty. However, the accuracy of the analysis was not sufficiently high due to the large uncertainties of some fundamental parameters, such as the mass-attenuation coefficients (particularly that of Cr for Cr Kα). Furthermore, the mass-attenuation coefficients for the specimens were obtained by calculations; this is allowed in the special case when X-ray data for all elements in the specimen are available.
In the present work trace elements in sediments were selected for test samples in order to extend the range of application of the proposed method. The characteristic feature of this work is that we measured the mass-attenuation coefficients of specimens, and the uncertainty of the analysis was evaluated.
Principle
When continuous X-rays are used for excitation, the intensity of the fluorescence X-ray (K-line) emitted by element i in the specimen, Ii, is expressed as follows: 7
When the thickness of a specimen is infinite (x = ∞), the equation can be written as follows 8 (in most metal specimens the thickness of several hundred microns can be regarded as x = ∞):
where µ* s = µ′ s + µ″ s = + , pλ i = fiK α ωiK.
The meaning of the parameters are as follows: Ci, mass fraction of element i; ρ, density of specimen; Ω, solid angle of detector; I0(λ), intensity of incident continuous X-ray; µiλ, massattenuation coefficient of element i at wavelength λ; µsλ massattenuation coefficient of specimen at wavelength λ; ψ′, incident angle; ψ″, take-off angle; riK, jump ratio at K-edge; fiK α , relative intensity of Kα line; ωiK, K fluorescent yield; λmin, shortwavelength limit of the continuum; λabs,i, wavelength of an absorption edge; x, thickness of the specimen. A new reliable analytical method, "Monochromatic X-ray Excitation X-ray Fluorescence Spectrometry", has been proposed. For validating the method, trace elements in sediment certified reference materials were determined. In the method X-ray fluorescence spectra are measured for specimens and pure metals; in addition the mass-attenuation coefficients of the specimens for various X-ray wavelengths are also measured. The data are analyzed by the fundamental parameter method and the uncertainty of the analysis is evaluated. The obtained results were in satisfactory agreement with the certified values within their uncertainties. This method will be applicable to the certification of reference materials, in the field of which reliable results with uncertainty statements are required.
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The fundamental parameter method with the use of X-ray tube data has a problem concerning the intensity distribution of continuum X-rays. When monochromatic X-rays are used as incident X-rays, wavelength integration disappears and the measurement equation is simplified. The intensity of the fluorescence X-rays (K line) from element i in the specimen, Iiλ, can be expressed as follows, when monochromatic X-rays impinge on a specimen:
where I0,λ, is the intensity of incident monochromatic X-rays with wavelength λ. Similarly, when a pure metal is irradiated under the same condition, the intensity of the fluorescent X-rays from element i in the pure metal, I(i)λ, can be written as
Rationing Eqs. (3) and (4) leads to
The mass fraction of element i in the specimen, Ci, can be calculated as
Equation (6) is the expression when only the primary fluorescence is considered. When the secondary excitation effect is taken into consideration, the intensity ratio of the fluorescent X-rays can be expressed as follows: 8
Here, the first term corresponds to the primary excitation and the second corresponds to the secondary excitation effect. In the previous study, CFe and CCr in the FeCr alloy were calculated by using Eqs. (6) and (7), respectively. 6 Iterative calculations were carried out assuming CFe + CCr = 1. The mass-attenuation coefficients of the elements, µFeλ and µCrλ, were taken from the literature, and those for the specimen, µFeCrλ, were calculated by
Equation (8) In the case of a sediment specimen, the mass-attenuation coefficients are hardly obtained by calculations, because the sediment contains many elements; for example, in the case of MESS-3, Si:27%, Al:8.6%, Fe:4.3%, O:>40% and many other trace elements. The major constituent is oxygen, which is not detected by solid-state detectors, and therefore approximate contents of all elements in the specimen are not available from the XRF. We thus obtained the mass-attenuation coefficients of the specimen experimentally using the well-known equation of I = I0 exp(-µρx). The determination of the mass-attenuation coefficients consists of measuring the intensity of a monochromatic X-ray beam in question with and without the specimen in its path.
The intensity ratio is given by
Instead of the density and thickness of the specimen, we measured the diameter, d, and the mass of each specimen disk, w.
The expression for the mass-attenuation coefficient is given by
For elements whose atomic numbers are larger than those of the major elements in the specimen (Fe, Si, Al), secondary and higher effects can be neglected; we can then calculate Ci from Eq. (6). In the case when element i is Cu and incident X-ray is Mo Kα, Eq. (6) is expressed as
Experimental
The following three sediment reference materials were chosen for the test samples: NMIJ CRM 7303-a (trace elements in lake sediment), NMIJ CRM 7302-a (trace elements in marine sediment), NRC/CNRC CRM MESS-3 (trace elements in marine sediment). The certified values of these CRMs were carefully determined; 9,10 the analytical techniques used include ICP-MS, isotope dilution(ID)-ICP-MS, ICP-AES, etc. Two kinds of compressed disks were prepared for each specimen: one was for fluorescence measurement, and the other was for absorption measurement. No binder material was used. The thickness of the X-ray fluorescence measurement disks was ca. 3 mm, and that for the mass-attenuation coefficient measurement disks was ca. 0.4 mm. The disks of NMIJ CRM 7303-a for XRF and absorption measurements are shown in Fig.  1 . Each sediment contained 2 to 5% iron and other matrix elements, and ppm order of Ni, Cu, and Zn, which were targeted in the present study.
X-ray fluorescence measurements were carried out by a XEPOS (SPECTRO, Germany) spectrometer. The geometry is shown in Fig. 2 . This spectrometer employs the proprietary polarized excitation geometry and the Cartesian optical system; it thus achieves a much higher signal-to-background ratio than a conventional ED-XRF instrument. The excitation radiation is optimized for different groups of elements using three different targets for modification. In this work, a Mo secondary target was used as a monochromatic X-ray source; the Mo target was irradiated by a polychromatic incident beam emanating from a Pd tube, and the emitted fluorescence X-rays (Mo Kα lines) were used. The Mo Kβ line was cut using a Nb foil with a thickness of 40 µm. The intensities of the fluorescent X-rays were measured by a Peltier-cooled SDD. Each measurement was repeated 5 times to estimate the uncertainty. Each measuring time was 14400 s. The integrated intensities were calculated by deconvoluting the peaks and subtracting the backgrounds using Igor Pro (WaveMetrics Inc., Lake Oswego).
The mass-attenuation coefficients of the specimens were also measured by XEPOS. A pure metal disk was put at the specimen position of Fig. 2 and a thin specimen disk was put between the pure metal and the detector. The intensities of the fluorescent X-rays from the pure metal were measured with and without the specimen in its path. The mass and the diameter of each disk specimen were measured five times to estimate their uncertainties. To measure the attenuation coefficients of the specimens for Mo Kα, an Al2O3 polarization target and a pure Mo disk were used.
Results and Discussion
The X-ray fluorescence spectra for the three specimens are shown in Fig. 3 . The diameter and the mass of the disks for absorption measurement are shown in Table 1 . The X-ray intensities are given in Table 2 . Ii,0 is the intensity of incident X-ray beam, Ii the intensity passed through the specimen, and Ii,s the intensity of fluorescent X-rays for the specimen. Figure 4 shows the measurement process of the mass-attenuation 829 ANALYTICAL SCIENCES JULY 2005, VOL. 21 Table 2 Measured X-ray intensities (counts)
Ii,0 is the intensity of the incident X-ray beam; Ii, the intensity passed through the specimen; Ii,s, the intensity of fluorescence X-rays for the specimen. Standard deviations are shown after the ± symbol.
coefficient schematically. The mass-attenuation coefficients calculated by Eq. (10) are given in Table 3 . Their uncertainties are of the order of 1% (relative). A fundamental parameter calculation was carried out using Eq. (6). The mass-attenuation coefficients of the elements were taken from the literature. 11 Comparisons between the analytical results and the certified values are given in Table 4 . The obtained results are in good agreement with the certified values of each specimen within their corresponding uncertainties. For example, the measured value for Cu in the CRM 7303-a was 23.3 mg kg -1 with an expanded uncertainty of 1.6 mg kg -1 (k = 2); the corresponding certified value being 23.1 mg kg -1 with the uncertainty of 3.1 mg kg -1 (k = 2). As for Ni, their uncertainties were relatively large; this is because the observed X-ray fluorescence spectra were noisy, as can be seen in Fig. 3 . Thus, these results demonstrate the feasibility of performing trace element determinations on reference materials. For the elements whose atomic numbers are smaller than those of the major elements in the specimens (in this case, Fe), secondary effects cannot be neglected. We then have to use Eq. (7) for the determination of, for example, Ti; enhancements by both the Fe Kα and Fe Kβ lines must be taken into consideration, in addition to emission by the incident Mo Kα line.
Advantage of the proposed method
This method is non-destructive and does not require any complicated pre-treatment. This method requires a pure metal as a reference material, but does not require reference materials whose compositions are similar to the analyte. The results are traceable to SI, and therefore this method will be applicable to the certification of reference materials, in the field of which reliable results with uncertainty statements are required. One interesting application is a determination of mono-isotopic elements that cannot be analyzed by ID-ICP-MS; an example is a determination of As.
The certified values of the CRMs employed in this paper were obtained by using various analytical methods, such as ICP-MS, ICP, AAS, and ID-ICP-MS. The certification of reference materials is normally carried out using a lot of time and labor. Most techniques were preceded by a very similar sampledissolution procedure. Therefore, it is desirable to include at least one method that requires no dissolution of the sample. The use of NAA (neutron activation analysis) is one possibility to solve the problem. However, the facility of NAA is very huge, and requires an atomic reactor. The proposed method in this paper will be more convenient than the NAA.
It is desirable to improve this method so as to reduce the uncertainty of the analysis. This method involves several problems to be solved; they are a lack of good mass-attenuation coefficients, the quality of the monochromatic X-ray beam used, and the use of quasi-parallel beams; these are discussed below. A flow chart of this method is shown in Fig. 5 , as an example of the determination of Cu in MESS-3.
Uncertainty estimation
The uncertainty was estimated according to GUM (guide to the expression of uncertainty in measurement). 12 An uncertainty budget table in the determination of Cu in MESS-3 is shown in Table 5 . The standard uncertainty for the incident angle Ψ' (and take-off angle Ψ") was tentatively assumed to be 0.05˚. The x's are measured values and/or fundamental parameters; the u(x)'s and ∂CCu/∂x's are the standard deviations of the x's, and the partial derivatives, which are called sensitivity coefficients, respectively. The combined standard uncertainty, uc(CCu), is the positive square root of the combined variance, uc 2 (CCu), which is given by
where CCu = f(x1,x2....xn) .
Thus, the combined standard Uncertainties (k = 2) are shown after the ± symbol. Uncertainties (k = 2) are shown after the ± symbol. Fig. 4 Measurement process of the mass-attenuation coefficient. . A coverage factor of k = 2 corresponds to a coverage probability of approximately 95% for a normal distribution.
An alternative method (Method B)
For the above method (hereafter referred to Method A), it is required to measure the intensities of the fluorescent X-rays from all the pure elements.
Analyses of the elements unavailable in pure form should be faced with a fatal difficulty in the method. To evade this problem, we examined an alternative method (referred to Method B) that needs not measure the fluorescence from pure elements.
Ci is expressed as follows by replacing µ* s and pλ i into Eq. (2):
where
S is independent of the element, and can be determined from an intensity measurement of the fluorescent X-rays emitted from any pure element. In the present study, we chose Fe Kβ emitted from pure iron metal. Method B is available only if the efficiency of the detector can be regarded as being constant for the X-ray energies used for the measurement. This condition should be approximately satisfied when the atomic number of the aimed element is close to that of the element used for the determination of S. Since Fe Kβ was used for the determination of S in this study, elements such as Mn, Co and/or Ni will fulfill the condition. To derive the mass fraction by employing Method B, the parameters r, f, and ω should be referenced from the literature. The analytical results of Method B are shown in Table 6 . Although agreement of the results of Method B with the certified values is not so excellent as those of Method A, reasonable values were obtained. The efficiency of the detector, however, will change as the atomic number increases or decreases. Therefore Method B is available only in limited cases.
Accurate mass-attenuation coefficients
In order to improve the accuracy of the proposed method, particularly Method A, more accurate mass-attenuation
Ii,λ -S coefficients for elements as well as for the specimens are required. A widespread discontent with the quality of compiled data caused the International Union of Crystallography (IUCr) to inaugurate a project aimed at improving the techniques for measuring attenuation coefficients and for producing better sets of tables for experimenters. However, good experimental data are still lacking for several elements at lower energies. 13 For example, in the case of µCrλ CrKα (mass-attenuation coefficient of Cr at wavelength of Cr Kα) the best reported value and its relative error are 89.9 cm 2 g -1 and ±5%, respectively; 14 in this case the standard uncertainty is estimated to be 2.595 cm 2 g -1 (= 89.9 × 0.05/ ), assuming a rectangular probability distribution. An accuracy level at 1% or less is required for an accurate determination by the FP method.
It is very important to measure the mass-attenuation coefficient of the specimen for the quantitative analysis. In relation to the previous work on the FeCr alloy, we tried to measure the mass-attenuation coefficients of the FeCr alloy specimen. The suitable thickness for the usual absorption measurement was ca. 5 µm. However, it was too difficult to prepare such a thin FeCr foil (rolling was not applicable for the alloy). It is easier to prepare a thicker specimen; we prepared an alloy specimen with a thickness of ca. 50 µm by using electrical discharge machining. Absorption measurements were carried out using synchrotron radiation. 15 Unfortunately, an accurate mass-attenuation coefficient could not be obtained, partly because the large uncertainty of the thickness of the FeCr alloy foil and partly because of the less stability of the synchrotron X-ray source. The development of a special tool, or technique, to prepare thin uniform foils of specimens is desirable.
In the case of a sediment, a suitable specimen thickness for the absorption measurement was ca. 200 -500 µm; it was not difficult to prepare. We prepared it by using a press tool for IR disks.
The mass-attenuation coefficients were measured conventionally by putting the specimen disk in front of the detector of the XEPOS spectrometer. Ideally, such absorption measurement should be performed using the parallel X-ray beams; there is a possibility that we used somewhat divergent beams for the measurement. It is desirable to construct a special X-ray apparatus (similar to XAFS apparatus) for massattenuation coefficient measurements in order to improve the accuracy of the proposed method.
Monochromatic X-ray source
Another problem lies in the quality of the monochromatic Xrays used. There are two well-known methods for obtaining a nearly monochromatic beam using the characteristic Kα line spectrum of an X-ray tube: one is crystal monochromator method, and the other is the Kβ filter (or secondary target) method. The intensity of the crystal monochromator method is lower than that of the Kβ filter method, but the quality of the former method is higher than that of the latter. Synchrotron radiation is an attractive source from the viewpoint of tunability of the energy spectrum, high brightness, polarization etc. Uncertainties (k = 2) are shown after the ± symbol.
Because of the broad energy spectrum of SR, care has to be paid concerning the contribution of the higher order harmonics. For an accurate quantitative analysis, stability of the incident beams is important. An average SR source is inferior to the laboratory X-ray source regarding beam stability. In a previous study on the FeCr alloy 6 we used both monochromator and Kβ-filter methods to obtain the incident monochromatic X-ray beams. Both results were in good agreement within their uncertainties: the uncertainty by the monochromator method was slightly small. The proposed method requires accurate incident and take-off angles; the use of a crystal monochromator is better than that of a Kβ filter from the view point of the incident parallel beam. In relation to this, it is desirable to put a collimator in front of the X-ray detector so that only parallel beams with exact take-off angles enter the detector.
In Kβ filter method, the insertion of 40 µm Nb filter gives Kβ/Kα intensity ratio of 0.026. However, X-ray fluorescence from the Nb filter occurs. A thicker Nb filter of 90 µm reduces the intensity ratio (Kβ/Kα) to 0.004, but the intensity of Nb Kα emission increases remarkably. In addition, Compton scattering from the secondary target metal may cause a lowering of quality of the monochromatic incident beam.
In the proposed method, the intensity ratio, Iiλ to I(i)λ, is used for quantitative analysis. The contribution of the X-ray fluorescence intensity due to the sub-peaks in the incident Mo Kα (such as the Mo Kβ and Nb Kα) affects both Iiλ and I(i)λ; therefore it appears that a serious problem does not occur upon the final result, Ci, except for some special cases. Nevertheless, it is desirable to develop an ideal monochromatic X-ray source to improve the proposed method.
Energy resolution of the detector
The energy resolution (FWHM) of the present solid-state detectors is on the order of 150 eV at 5.9 keV. The X-ray fluorescence peaks obtained by such detectors overlap very often due to the low-energy resolution. The energy resolution will be greatly improved by using a wavelength-dispersive geometry spectrometer (ca. 40 eV at 6 keV). A preliminary study was performed using a ZSX spectrometer (RIGAKU, Japan) equipped with a LiF monochromator placed between the X-ray tube and the specimen. High resolution and a high signal-to-background ratio were achieved.
However, the intensity signal was too low for practical use. It is desirable to develop high-resolution, energy-dispersive type detectors.
EU directives
X-ray fluorescence spectrometry is now widely used for the analyses of toxic elements in plastics or soils concerning the EU directives, such as WEEE (waste electrical and electronic equipment), RoHS (restrictions of the use of certain hazardous substances in electrical and electronics equipment), or ELV (end-of-life vehicle). The present method is applicable for the analysis of soils as well as of low-Z metals in plastics. However, a serious problem will occur for the analysis of heavy metals in plastics. Since the mass-attenuation coefficients of the plastic specimens are very small for the K lines, thick specimens have to be used for the determination of heavy metals, such as Pb or Cd. If L lines are used for the analyses, satisfactory results will not be obtained because the fundamental parameters for L lines are not as accurate as those for the K lines. Various ideas can be considered for the determination of heavy metals in plastic by using K lines; one possibility is to construct a special apparatus with high incidence and take-off angles. The use of very thick specimens is unavoidable when Eq. (3) or Eq. (6) is used for quantitative analysis.
Conclusion
Monochromatic X-ray excitation X-ray fluorescence spectrometry provides an accurate analytical method for the determination of the chemical composition of materials. It is non-destructive and requires no complicated sample preparation. This method provides measurement results with a statement of reliability, that is, "uncertainty". The fundamental parameters with higher accuracy are desirable to reduce the uncertainty of this method; a database of more accurate massattenuation coefficients should be constructed. Measurements of the mass-attenuation coefficients of specimens can enlarge the range of applications.
